The ability of bacteria to alter phenotypic characteristics during their survival and persistence in soil complicates the risk assessment of bacterial inoculants, especially those genetically engineered. The purpose of this study was to investigate changes in the phenotype of Pseudomonas aureofaciens 3732 RN-L11 (lacZY) introduced into and recovered from wheat roots or soil obtained from the field or laboratory microcosms. Fatty acid methyl ester (FAME) and Biolog1 analyses were used to characterize the phenotype of 88 isolates obtained from soil collected over a 2-year period. There was variation in the relative proportions of fatty acids found in isolates over the growing season, with FAME profiles of isolates obtained at 14, 28 and 70 days after planting different from isolates obtained at day 0 and day 140. However, these changes were not sufficient to alter the species designation. Similarly, carbon substrate utilization by isolates varied only slightly over the growing season. In addition, there were few phenotypic differences found between isolates obtained from rhizosphere or bulk soil, and no observed differences between isolates recovered from field soil or microcosms. Our results indicate that there was little phenotypic drift of this genetically engineered bacterium during its survival in field and laboratory microcosm soils. z
Introduction
Bacterial inoculants can increase crop yields or remediate contaminated soils. However, the impact of the inoculant on non-target organisms must be assessed prior to its commercial release. This assessment is complicated because of potential changes in phenotypic characteristics of bacterial inoculants during survival and growth in soil [1] . Such changes can alter the ability of the inoculant to have the desired e¡ect on the soil microbial community. For example, Barnett et al. [2] found that the inhibition of fungi by the biological control agent Pseudomonas corrugata 2140 was altered in phenotypic variants isolated from growing wheat roots. These variants were classi¢ed by fatty acid methyl ester (FAME) and Biolog1 analysis as species other than P. corrugata. In contrast, other pseudomonads display minor phenotypic variability during survival and persistence in soil. Pseudomonas £uorescens SBW25Ee-ZY6KX displayed minor phenotypic changes (i.e., 6 0.95 Euclidean distance) in its fatty acid composition as determined by FAME analysis over a 220-day period of incubation in soil [3] . Both of these studies were conducted in pots under greenhouse conditions, and the authors note that the issue of bacterial inoculant persistence and phenotypic stability can only be e¡ectively addressed by ¢eld studies.
In this study we investigated the phenotypic plasticity of a genetically engineered microorganism (GEM), P. aureofaciens 3732 RN-L11 (lacZY) over a 2-year period during which this organism was introduced into and subsequently recovered from ¢eld and laboratory microcosm soils. The microcosms have been validated as an e¡ective tool to assess the persistence of introduced microorganisms in ¢eld soil [4, 5] , and in this study we recovered isolates from wheat roots and soil at four di¡erent times during the growing season. We assessed the FAME pro¢le of P. aureofaciens 3732 RN-L11 (lacZY) isolates and their ability to utilize 95 di¡erent carbon substrates as a measure of phenotype.
Materials and methods

Bacterial strain
P. aureofaciens 3732 RN-L11 (lacZY) was originally isolated from rhizosphere of wheat as described by Barry [6, 7] , and recently studied by Angle et al. [4, 5] . The bacterium contains chromosomal lacZY genes and is resistant to rifamycin SV (100 mg ml 3I ) and nalidixic acid (100 mg ml 3I ). Furthermore, the stability of these markers is well documented [5] . Hence this bacterium can be successfully tracked in soil. The bacterium was maintained in Pseudomonas F broth (Difco, Detroit, MI, USA) with 50% glycerol at 380³C.
Field plot and microcosm setup
As part of a study designed to validate the use of microcosms in assessing GEM persistence, a ¢eld plot was established near Watrous, Saskatchewan. The ¢eld soil was characterized as a loam, with 5.71% organic matter, a pH of 7.3, cation exchange capacity of 17 mEq, and nutrient levels of SO R -S of 3.5 mg g 3I , NO Q -N 3.0 mg g 3I and P 26 mg g 3I . Undisturbed ¢eld cores, i.e. microcosms, were collected by inserting polyvinyl chloride pipe (10 cm diameter) into ¢eld soil and then removing [5] . These microcosms were immediately transferred back to a growth chamber at 23³C constant temperature, 70% relative humidity and a 16-h day with 125 mmol m 3P s 3I illumination. The survival of 3732 RN-L11 was assessed in non-planted soil or soil planted with wheat (Triticum aestivum cv. A.C. Karma) with four replicates per treatment and four sampling times per season.
Unplanted or planted soil was inoculated as described by Angle et al. [5] . Brie£y, 2.5 ml of a 20-h culture (approx. 10 W cfu ml 3I ) of P. aureofaciens 3732 RN-L11 was centrifuged, re-suspended in double distilled water and inoculated by pipet directly onto the soil above the seed immediately after planting. For non-planted treatments, ¢eld soil was sprayed with the inoculum to achieve a concentration of 10 U cfu cm 3P of soil surface whereas microcosms were inoculated to a concentration of 10 U cfu g 3I of soil.
Enumeration
Survival of P. aureofaciens 3732 RN-L11 was monitored at approximately 14, 28, 70 and 140 days after planting (DAP). At each sampling, approximately 50 g of soil was frozen at 380³ and stored for the duration of the study (i.e. 18 months). Frozen soil was thawed for 24 h and isolates obtained from this frozen soil. Isolates from fresh and previously frozen soil were recovered from soil in a manner similar to that described by Angle et al. [5] . In non-planted treatments, 10 g soil was added to 95 ml of double distilled water and blended in a Waring blender for 1 min and then allowed to settle for 1 min. For planted treatments, roots were diluted 10-fold on a weight basis in double distilled water and blended as above. Serial 1/10 diluents were prepared and spread on four replicate plates containing Pseudomonas F agar containing nalidixic acid (100 mg g 3I ), rifamycin SV (100 mg g 3I ), cycloheximide (100 mg g 3I ) and 5-bromo-4-chloro-3-indolyl-L-Dgalactopyranoside (X-Gal; 65 mg ml 3I ). X-Gal is an analog of lactose, and colonies expressing lacZY appear blue. Plates were incubated at 28³C for 2 days and colonies counted. Previous studies indicated that the soil contained no P. aureofaciens like bacteria capable of growing on this medium.
FAME and Biolog analysis
A colony was randomly selected from an enumeration plate for each treatment, streaked onto trypticase soy broth solidi¢ed with 1.5% agar (TSA) [7] and incubated at 28³C for 24 h. Cells (60 mg) were harvested and the whole cell fatty acid component saponi¢ed, methylated and extracted [7] . The gas chromatograph was a Hewlett-Packard 5890 Series II Plus equipped with a £ame ionization detector and a capillary column Ultra 2-Hewlett Packard No. 19091B-102 (cross-linked 5% phenyl-methyl silicone; 25 mU0.22 mm ID; ¢lm thickness, 0.33 mm; phase ratio, 150) with hydrogen as the carrier gas. FAME peaks were automatically integrated by Hewlett-Packard 3365 ChemStation software and FAMEs identi¢ed using the MIDI Microbial Identi¢cation Software (Sherlock TSBA Library version 3.80; Microbial ID, Inc.). Every 10 samples, a calibration was processed as a quality control step [7] .
The Biolog1 analysis was only performed on those isolates obtained from frozen soil. The Biolog1 analysis was performed as instructed by Biolog1 with the exception that bacteria were suspended in sterile saline (0.85%) solution to a similar turbidity as McFarland's standard solution (1% (w/v) BaCl P ; 1% (v/v) H P SO R ) [8] . Plates were incubated at 28³C for 48 h, read visually and substrate wells scored positive or negative.
Statistical analysis
The study was designed as a completely random design with four replicates per treatment. Treatments consisted of years (2), location (¢eld or laboratory), environment (rhizosphere or bulk soil) and time (0, 14, 28, 70 and 140 DAP). The data were analyzed by a general linear model with years considered a random factor. It should be noted that ¢eld samples were selected randomly at each time period and each microcosm was destructively sampled. Thus there is no pseudo-replication over time.
The FAME composition of each sample was calculated by multiplying the percent composition of each individual FAME by the total named area for that chromatogram. Hence, the FAME data were transformed to total amount of FAME in each sample. FAME data were tested for heterogeneity of variance and analyzed by ANOVA. Only the FAMEs 16:O and 18:O did not demonstrate a day or treatment dependence. These FAMEs were removed before the data set was analyzed by principal components analysis using the correlation matrix to standardize the variables [9] . The principal components scores were compared in a manner similar to that suggested by Glimm [10] with the exception that Fisher's pairwise comparisons were used with an individual error rate of 0.05 and a family error rate of 0.2. Preliminary data analysis indicated that there were no di¡erences observed between isolates obtained from fresh and frozen soil. Therefore to avoid pseudo-replication and to insure that our Biolog1 analysis corresponded to our FAME analysis, we only analyzed isolates obtained from frozen soil. The SIM index calculated by the MIDI system is an indication of the con¢dence with which the isolate is identi¢ed. We compared SIM indices for the isolates identi¢ed at di¡erent days by a Dunnett's multiple comparison with a family error rate of 0.05.
The Biolog1 data were grouped into substrate guilds as described by Siciliano and Germida [11] . The data were tested for heterogeneity of variance and analyzed by the general linear model and principal components analysis described above.
Results
Survival of P. aureofaciens 3732 RN-L11 in soil
Strain 3732 RN-L11 steadily declined during the 1997 growing season and was found at approximately 10 P cfu g 3I in non-rhizosphere soil and at 10 S cfu g 3I in rhizosphere soil 140 DAP (Fig. 1 ). There was little or no di¡erence seen between the ¢eld and microcosm treatments. Similar results were observed for the 1996 season.
Plasticity of P. aureofaciens 3732 RN-L11 FAME pro¢les
A total of 88 isolates were recovered for both years. One isolate was obtained for each treatment replicate at each sampling date (i.e. a possible 128 isolates over 2 years), but several replicates at the later sampling dates did not yield isolated colonies and thus, could not be included in the analysis. There were 23 isolates obtained for 14 DAP, 22 isolates for 28 DAP, 22 isolates obtained for 70 DAP and 21 isolates obtained for 140 DAP. There were no di¡erences in the FAME pro¢les of isolates obtained from di¡erent years (P 6 0.873), ¢eld or laboratory locations (P 6 0.659), or rhizosphere or bulk soil environments (P 6 0.520). However, there were di¡er-ences between isolates obtained throughout the growing season (P 6 0.001). Isolates obtained from days, 14, 28, and 70 were separated on the ¢rst principal components axis (PC1) from the isolates obtained at day 140 and the original culture used to inoculate soil (Fig. 2) (Fig. 3) . Despite these di¡erences in FAME Fig. 3 . Levels of fatty acids present in isolates obtained at ¢ve di¡erent times during the growing season. Bars signi¢cantly different (P 6 0.05) from day 0 are marked with an asterisk. pro¢les, the MIDI system continued to identify all isolates as a P. aureofaciens with a SIM index of 0.43 on day 14, 0.44 on day 28 and 0.50 on day 70. The SIM index was lower (P 6 0.03) on day 140 but was still su¤cient (i.e. 0.29) for the isolate to be identi¢ed as P. aureofaciens.
Plasticity of P. aureofaciens 3732 RN-L11
Biolog1 pro¢les
Similar to the FAME pro¢les, the Biolog pro¢les of strain 3732 RN-L11 were altered during the course of the growing season (P 6 0.002) but there was no di¡erence between years (P 6 0.912) or ¢eld or laboratory location (P 6 0.796). Furthermore, isolates obtained from the rhizosphere or bulk soil differed in their utilization of carboxylic (P 6 0.007) and miscellaneous (P 6 0.058) guilds. Although these di¡erences were statistically signi¢cant, they were not biologically important. The number of carboxylic acid substrates utilized by isolates obtained from wheat roots compared to those obtained from soil decreased by only 5% or 1.5 wells out of a possible 31 di¡erent substrates. Similarly, there was a decrease of only 2% or 0.35 out of 15 possible miscellaneous guild substrates utilized by the rhizosphere isolates compared to those isolates obtained from soil. Furthermore, the decrease in substrate use was not limited to a speci¢c carboxylic or miscellaneous carbon source but instead varied between replicates. Principal component analysis con¢rmed these ¢nd-ings with little di¡erence seen between the four sampling dates (data not shown).
Comparison of FAME and Biolog pro¢les
A principal components analysis of the combined FAME and Biolog data results in a cluster of day 140 isolates separated (P 6 0.0187) out on the PC1 axis by three units (Fig. 4) . This axis is negatively weighted with the amount of 16:1 w7c (30.393), miscellaneous guild use (30.362) and carboxylic acid guild use (30.333). In comparison, PC2 axis separates (P 6 0.05) day 14 from days 28, 70 and 140. This axis is positively weighted with the amount of the unknown FAME 12.1 (0.519), 12:1 3OH (0.499) and 12:O 2OH (0.487).
Discussion
The results from this study indicate that P. aureofaciens strain 3732 RN-L11 experiences minor phenotypic drift during survival and growth in soil. Similarly, Thompson et al. [3] found that P. £uorescens SBW25EeZY6KX inoculated into soil exhibited minor alterations in its FAME pro¢le over a 220-day period. Furthermore, other investigators have found that isolates recovered from the environment can exhibit di¡erent phenotypic characteristics compared to those found in the laboratory [12] . To the best of our knowledge this is the ¢rst investigation into phenotypic drift of bacterial isolates recovered from a ¢eld study. FAME and Biolog analysis can reliably detect differences in phenotype at a level of resolution below the species level. Similarly, Thompson et al. [3] noted that FAME pro¢les were highly reproducible both quantitatively and qualitatively with a coe¤cient of variation 6 6.2%. In our study, the average coe¤-cient of variation was 6 3% for FAME and 6 2% for Biolog1. However, the signi¢cance of the phe- notype alterations detected by these techniques is unclear. Barnett et al. [2] found that isolate clustering based on FAME and Biolog1 pro¢les was di¡er-ent than biological control activity, and questioned the usefulness of FAME and Biolog1 techniques for assessing phenotypes of biological control agents. These authors suggest that monitoring of phenotypic characteristics should be concentrated on those characteristics known to be important for that inoculant, e.g. fungal inhibition. Thus, phenotypic characteristics that are important in the bene¢cial or detrimental e¡ects of pseudomonad inoculants should be identi¢ed and monitored. For example, bacterial lipids such as lipopolysaccharides, lipoteichoic acids, and phospholipases play important roles in bacterial virulence [13] , and thus may be suitable characteristics to investigate for alterations during long term residence of inoculants in the environment.
It is possible that in our study the alterations in certain bacterial FAMEs were the result of the bacteria adapting to environmental conditions and may have no long term signi¢cance. For example, the increase in 16:1 w7c and decreases in the cyclic fatty acids, 17:0 cyc and 19:0 cyc, seen for the isolates obtained from days 14, 28 and 70 may be related to moisture related events in the environment. The ¢eld site during the two months, i.e. June and July, over which isolates were obtained for days 14, 28 and 70 have an average rainfall of 78 and 57 mm respectively. In contrast, average rainfall in September, i.e. day 140, is only 28 mm (Environment Canada meterological data). Thus it is likely that soil moisture levels were higher in June and July compared to September. The fatty acid 16:1 w7c is known to be produced in small amounts by the anaerobic pathway of fatty acid synthesis and cyclic fatty acids are known to decrease as growth rate increases [9] . Thus, higher soil moisture during those periods may have contributed to occasional anaerobic events at microsites and increased growth due to nutrient release from other microsites. This would explain why isolates obtained on days 14, 28 and 70 were separated from the cluster of isolates obtained on day 140 and the original culture collection isolates.
Phenotypic drift may be the result of random mutations which are then subjected to selective pressure [2] . These authors suggested that certain conditions or niches may select for certain variants of biological control agents because of the metabolic load associated with producing fungal inhibitors. Supporting this, Troxler et al. [14] found that phenotypic characteristics of the biocontrol strain P. £uorescens CHA0 di¡ered if the isolate was obtained from the root interior or rhizosphere soil. This suggests that colonization of the root interior induced certain phenotypic characteristics not necessary during growth in the rhizosphere. In contrast, we found no di¡er-ence in phenotypes between isolates from rhizosphere or bulk soil in this study even though the inoculant survived better in the rhizosphere of wheat plants compared to bulk soil. Thus it is not clear what ecological pressures (i.e. metabolic load, endophytic colonization or long term survival) are necessary to induce substantial alterations in the phenotype of bacterial inoculants.
P. aureofaciens strain 3732 RN-L11 inoculated into soil did not exhibit signi¢cant phenotypic drift despite survival for substantial periods of time. Furthermore, there were no di¡erences seen between ¢eld and laboratory isolates, or between rhizosphere and bulk soil. Thus, a risk assessment of these organisms should concentrate on the environmental fate and non-target e¡ects of the parental strains and minimize e¡orts to characterize minor phenotypic variants.
